ABSTRACT: Several years after beginning to study submerged biological aerated filters, the Environmental Technology and Environmental Microbiology Research Group (University of Granada, Spain) optimized the performance of this system, using a ceramic-based material bed. This material is generated by ceramic materials factories, as a waste product which is then grinded. Therefore, the use of this bed material maximizes the use of discarded material. A comparative study of height for the ceramic-based material bed, with regard to the TBOD 5 and suspended solids parameters, is presented. For every bed material height, relations among volumetric loads applied and effluent concentrations are presented, as well as relations among hydraulic loads applied and effluent concentrations. Aiming for a maximum consumption value of 1.2 kg O 2 /kg TBOD 5, eliminated , the air volume supplied was fixed. The real values obtained for this parameter are presented in relation to the TBOD 5 volumetric load applied. The tests were performed at a pilot plant with full-scale height and a pilot scale cross-sectional area. The influent that was the primary effluent of a conventional treatment plant, was injected in the top of the filter, to create countercurrent flow.
INTRODUCTION
Submerged biological aerated filters (BAFs), a technology originally developed for drinking water filters (Pujol et al. 1992) , has potential for overcoming shortcomings of conventional activated sludge systems for wastewater treatment (Grasmick et al. 1979; Rittmann and McCarty 1980) . This treatment system requires large reactor volumes if ever-more demanding pollutant-elimination targets are to be achieved (Smith and Hardy 1992; Strohmeier and Schroeter 1993) .
Most submerged biofilter plants are situated either in heavily populated areas or in tourist settlements, in mountainous and coastal areas. The first full-size plants were constructed in the early 1980s (Hirose 1982; Partos et al. 1985; Sibony 1983 ). In 1992, there were approximately 50 plants throughout the world. These plants were mainly located in the United States, Canada, Japan, and several European countries.
The main advantages of submerged biological aerated filters are (Gros and Á lvarez 1991; Pujol et al. 1992) (1) rapid biofilm growth, great flexibility for handling variable pollutant loads, as well as great tolerance toward many inhibitory elements (Ryhiner et al. 1992) ; (2) a smaller area required compared to activated sludge systems; and (3) modular construction, which allows simple adaptation of existing plants (Harsman et al. 1997) . The smaller required area reduces visual impacts, and makes covered installations and even underground placement possible. Also, biofilm systems generate less noise and odor levels.
Operating loads reported in the literature for BAF systems vary widely. Initially, the most frequent implantation of BAFs was as tertiary treatment, improving elimination rates in conventional activated sludge plants. For this application, BAFs with fixed bed and dense media can treat volumetric loads, approximately between 5 and 10 kg COD/m 3 /day (Rogalla et al. 1991; Dauthuille et al. 1992) . With 100 mg/L effluent COD requirements, the process is limited to volumetric loads of 6 to 7 kg COD/m 3 /day (Pujol et al. 1992 1994). Among different references, a greater disparity is found among reported hydraulic load applied in comparison to reported volumetric load applied, depending on the support material used and the particular objectives of the BAF system. With regard to aeration, the reported values range between 0.5 kg O 2 /kg TBOD 5, eliminated (Stensel et al. 1988 ) and 20 m 3 /m 2 /h (Tschui et al. 1993) in the case of high nitrification requirements. It is certainly difficult to compare two ranges of different units of measure.
In recent years, a number of BAF systems have been optimized and patented (Lazarova and Manem 1994) , and there is much continued interest at the present time (Kantardjieff and Jones 1997; Mann and Stephenson 1997; Zhang et al.) . The most frequently studied biofilm support media have been clay, schist, or plastic based, such as polyethylene and polystyrene (Tschui et al. 1993 ). In the present paper's tests for which plastics were used, these had previously undergone a superficial treatment with a waterproofing resin that acts as protection against attacks from chlorine, sulfates, or acid gases.
The present research group's earlier studies of compatible systems offering satisfactory and rational conservation of the environment led to the investigation of the potential of BAFs. These studies began in the late 1980s and have tended to focus on fixed-bed biofilm processes using waste materials as the BAF support media (Zamorano et al. 1995) .
The goal of this research is to investigate the performance of a BAF with a ceramic-based material bed. Mainly, the research is designed to answer the following questions: Can our waste material, which is not specifically designed for wastewater treatment, be used as support material? What are the loading limitations and the optimal height of this material to meet the European Directive 91/271 CEE limits (European 1991)?
MATERIALS AND METHODS
For the current study, a pilot plant with full-scale height and a pilot cross-sectional area was used. The influent consisted of a primary effluent of a conventional treatment plant. The support material was a waste product and the particle size was 2.5 mm. As has been previously stated, the variables considered were the loads applied and the material height.
Description of Pilot Plant
The pilot plant featured one methacrylate column with a diameter of 30 cm. The column acted as the receptacle for the support material of the submerged beds. The height of this column was 3.7 m. The plant's computer equipment was configured to make real-time measurements of the parameter values and variables with a remote-control operation capability. The pilot plant flow schematic is shown in Fig. 1 . Based on results of previous studies (Canler and Perret 1994; Zamorano 1996) , a downflow liquid flow regime was adopted, and during backwashing, air and water flows were upflow. It should be stressed that all the bed materials used by the present research group in different projects have been waste products, thereby maximizing the use of discarded material. In this paper, results using a support media made from waste material generated by the ceramics industry is reported. The media was made by grinding the waste material to make it suitable for its intended new use (Fig. 2) . After several trials (Zamorano 1996) , it was determined that the ideal particle size was 2.5 mm. The particle density of the material was 2.18 g/cm 3 . Primary effluent from the Granada Wastewater Treatment Plant (Granada, Spain) was used as influent to the pilot plant. The volumetric loads to the BAF pilot plant were gradually increased over time by increasing the volume of wastewater flowing into the system. To achieve greater applicability, and even with the goal of proposing the tested system on the rehabilitation of the Wastewater Treatment Plant of Granada, the pilot plant was fed with real raw waters. Therefore, it does not present uniform concentrations in all the phases of the study. For this reason the data provided involve a relationship between applied loads and effluent concentrations, rather than comparing influent and effluent concentrations. An attempt was made to cover a wide range of applied loads. Characteristics of the influent and applied loads corresponding to all the operational phases are shown in Tables 1-3 .
Test Description
For the current study, the wastewater flow rate (cubic meters per hour) and height of the bed material were the primary variables. Three different operational phases were tested, each with different bed material height: 0.8, 1.2, and 1.5 m. Bed heights were chosen to be <1.8 m, which had been found excessive for effective backwashing with reasonable energetic consumption. With a 1.8-m bed height, the weight is excessive due to the high density (Zamorano 1996) .
Rotameters, which were able to directly measure the air introduced in cubic meters per hour (at a pressure of 1 atm and temperature of 20ЊC), were used to quantify oxygen supplied to the pilot plant. Appropriate conversions were used to determine the weight of oxygen as a function of the pressure (2 bars) and temperature at which the air was introduced. The desired air flow was calculated taking into account the usual maximum volumetric loads applied with 25 mg/L effluent TBOD 5 requirements (European Directive 91/271 requirement). With this datum, and aiming for a maximum consumption value of 1.2 kg O 2 /kg TBOD 5, eliminated , the desired air flow was calculated as 0.2 kg O 2 /h (11.2 m 3 /m 2 /h of air). The measured or calculated parameters included kilograms of O 2 /kg TBOD 5, eliminated , SS (mg/L), total BOD 5 (mg/L), COD (mg/L), pH, and organic load or TBOD 5 volumetric load (kg TBOD 5 /m 3 /day). The influent and effluent sampling took place on a daily basis. 
RESULTS AND ANALYSIS

Criteria to Define Optimum Material Height
The criteria used in order to define the optimum height logically depend on whether it systematically provides lower effluent concentrations. But in practical terms, this criteria is supplied by an adequate statistical study. The software used for statistic analysis of the obtained results was Statgraphics Plus for Windows. The tools used to examine and interpret the data mainly consisted of simple regression analysis and multifactor variance analysis. For every statistic analysis, the software offered several regression lines, hence that with the greatest correlation coefficient was chosen.
As shown in Fig. 3 , H = 1.2 m produced the lowest values of the effluent TBOD 5 concentrations among the different heights. A European limit of TBOD 5 has been set at 25 mg/L (European Directive 91/271 CEE). For H = 1.2 m, a maximum TBOD 5 volumetric load of 6.33 kg TBOD 5 /m 3 /day could be applied in the BAF with a ceramic-based material bed and still achieve the limit. Based on observations shown in Fig. 3 , an analysis was made of the differences between results obtained from varying the bed material height. First, it was concluded that 0.8 m was an insufficient bed material height to achieve an effluent TBOD 5 concentration of 25 mg/L.
It is interesting that a lower material height (H = 1.2 m) gives lower effluent TBOD 5 concentrations than a greater one (H = 1.5 m). It is most probably due to the treatment mechanisms that could possibly be explained differentiating the results obtained between TBOD 5 and SBOD 5 . However, it was expected a priori that with a greater height better results of TBOD 5 would be obtained and, in any case, the system would reach a certain height above which no substantial improvements would be made. The fact that a lower height gave even better results was an unplanned discovery which is why, in the analytical planning, no provision was made for the measurement for soluble BOD 5 . Therefore, at this stage there are many interesting studies that cannot be provided but that could make a very interesting line to follow in future research.
For a bed height of 1.5 m, an SS volumetric load of 5.33 kg SS/m 3 /day or less resulted in effluent concentrations that meet the European Directive 91/271 CEE limit (35 mg/L). These results are shown in Fig. 4 . Since BAF performance is based on the passage of water through a filtering material bed, the obtained effluent SS concentrations results were excellent. For the SS parameter, another analysis was made of the effect of varying the bed material height. H = 0.8 m was an insufficient bed material height to achieve an effluent SS concentration of 35 mg/L, under any loading conditions. Unlike the TBOD 5 results however, there was no significant difference between the performance of a bed material height of 1.2 m or a bed height of 1.5 m.
With the European Directive 91/271 CEE limits, comparing 
Design Parameters: Volumetric Load versus Hydraulic Load
In the design of BAFs, the most frequently used design parameter is the organic or volumetric load. If however, one performs some calculations to compare the design limitations imposed by the use of volumetric versus hydraulic load, one will see that they are fairly similar. Indeed, for the SS parameter 
Influence of Aeration on BAF's Purification Mechanisms
As has been mentioned previously, the air volume supplied to the BAF with a ceramic-based bed was fixed to give 0.2 kg O 2 /h (11.2 m 3 /m 2 /h of air), aiming for a maximum consumption value of 1.2 kg O 2 /kg TBOD 5, eliminated . A maximum admissible TBOD 5 volumetric load of 6.33 kg TBOD 5 /m 3 /day could be applied and still achieve an effluent TBOD 5 concentration of 25 mg/L (Fig. 3) . Based on Fig. 7 , a volumetric load of 6.33 kg TBOD 5 /m 3 /day corresponded with an oxygen consumption value of 0.9 kg O 2 /kg TBOD 5, eliminated . This value is lower than the target value of 1.2 kg O 2 /kg TBOD 5, eliminated .
Moreover, the high correlation coefficients obtained (Fig. 7 ) indicate the reliability and stability of the results. As can be observed in Fig. 7 , a lower consumption of oxygen took place the greater the height of the bed, that is to say, without bearing a direct relationship on the reduction in concentrations of the TBOD 5 parameter. This would seem to indicate that the system reacted by attempting to compensate deficiencies due to insufficient height with an excess of oxygen consumption.
Following the same argument as in the previous section, it is found that more oxygen is consumed in relation to eliminated pollution (kg O 2 /kg TBOD 5, eliminated ), the greater the height of the support material. Therefore, in the same way, future studies could be developed to deal with the extent to which TBOD 5 is eliminated for reasons of pure physical filtering or by eliminating soluble BOD 5 .
SUMMARY AND CONCLUSIONS
There is a wide range of potential applications for the system proposed, from an exclusively secondary treatment (with a BAF that achieves the targets alone) to the opposite extreme, a final purification system in which a new process stage would be responsible for reaching the targets set, with the prior BAF playing a lesser role. The system studied therefore is both a versatile and flexible one. It is perfectly viable for the wastewater treatment in a wide range of urban settlements, due to the wide range of loads applicable for the system to operate correctly.
Specifically, the objectives of the research were addressed with the following results:
• The maximum admissible volumetric loads that could be applied corresponded to 6.33 kg TBOD 5 /m 3 /day and 5.33 kg SS/m 3 /day (obtained for bed heights of H = 1.2 and 1.5 m, respectively), in order to achieve an effluent concentration of 25 mg TBOD 5 /L and 35 mg SS/L.
• For the same effluent concentrations, the maximum admissible hydraulic load corresponded to 1.27 m 3 /m 2 /h and 2.88 m 3 /m 2 /h (obtained for bed heights of H = 1.2 and 1.5 m, respectively).
• For the maximum admissible TBOD 5 volumetric load, a consumption value of 0.9 kg O 2 /kg TBOD 5, eliminated was obtained. It seems that a lower bed height corresponded to a higher consumption, which would seem to indicate a more massive presence of biofilm with lower bed heights; in this way, the system seems to be making up for the smaller surface available for fixing the biofilm.
• Based on the observed results, the optimal ceramic-based bed material height was between 1.2 and 1.5 m. The H = 1.2-m bed height achieved acceptable effluent TBOD 5 concentrations. For the H = 1.5-m height, all available data points toward the lowest effluent SS concentrations. The height of 0.8 m was undoubtedly insufficient to meet European TBOD 5 and SS effluent concentration guidelines. Previous investigations in this paper have shown that a bed material height of 1.8 m was excessive.
